Objectives: To compare the phenotypic and genotypic b-lactam resistance profiles of non-typeable Haemophilus influenzae (NTHi) and the closely phylogenetically related Haemophilus haemolyticus.
Introduction
Non-typeable Haemophilus influenzae (NTHi) is an important opportunistic pathogen in respiratory infections, many of which require the prescription of b-lactam antibiotics for adequate therapy. 1 NTHi is most closely related to Haemophilus haemolyticus, another XV factor-dependent Haemophilus species, that until recently has been considered a strict respiratory commensal. 2, 3 Historically these two species were differentiated by the ability of H. haemolyticus to haemolyse horse blood agar. 2 However, nonhaemolytic isolates of H. haemolyticus are being increasingly recognized and the value of this phenotypic test is now limited. 2 Notably, the misidentification of H. haemolyticus as NTHi has been reported in nasopharyngeal swabs and a number of clinical cases including respiratory infections and, more recently, invasive diseases such as bacteraemia. 2, 3 Various markers have been used to differentiate NTHi from H. haemolyticus, with most targeting NTHi-specific genes, fucK, hpd, hap and IgA, 4 -7 and sodC targeting H. haemolyticus. 4, 8 Although various combinations of these targets have been evaluated for the identification of NTHi, none has been 100% sensitive and specific. 4 -6 Significantly, even when 16S rRNA sequencing is applied, some isolates of XV-dependent Haemophilus cannot be identified conclusively as either NTHi or H. haemolyticus. 4, 7 Such strains have been termed equivocal or variant strains, and highlight the phylogenetic closeness of the species. 7, 9 NTHi has two b-lactam resistance mechanisms: b-lactamase production and alterations in penicillin-binding protein 3 (PBP3), the antibiotic target site. 1, 10 Approximately 5% of b-lactamasepositive isolates produce ROB-1, with the remainder producing TEM-1, most commonly on integrative conjugative elements and less commonly on small plasmids. 1 Furthermore, molecular studies of the bla TEM gene, have shown three distinct promoter types-Pa/Pb, Pdel and Prpt-associated with a C32T mutation, a 135 bp deletion and a 54 bp repeat in the promoter region, respectively. 11 Conversely, non-b-lactamase-mediated resistance 10 Notably, an increasing number of additional gBLNAR-associated substitutions occur with either N526K or R517H and contribute to resistance. 10, 12 Although the prevalence and mechanisms of b-lactam resistance in NTHi are well known, very little is known about the prevalence and mechanisms of b-lactam resistance in H. haemolyticus.
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Materials and methods
Bacterial isolates
A total of 312 normal flora isolates of XV-dependent Haemophilus species were used in this study. Isolates were collected from nasopharyngeal and throat swabs of healthy children aged 6-36 months (collected as part of a previous study-Wiertsema et al.
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) and healthy adults (collected for this study) aged 16-39 years.
Identification of isolates
All isolates were screened for colony morphology on chocolate agar and b-haemolysis on horse blood agar and subjected to PCR for [Cu,Zn]-superoxide dismutase (sodC), fuculose kinase (fucK) and protein D (hpd) genes for species identification, all as previously described. 4, 6, 8 Isolates were identified as NTHi if they were non-mucoid, non-haemolytic, negative for sodC and positive for fucK and/or hpd genes. Isolates were identified as H. haemolyticus if they were non-mucoid, haemolytic or non-haemolytic, positive for sodC and negative for both fucK and hpd genes. Isolates that did not neatly fit into either category were termed equivocal, and because they are outside the scope of this study, were excluded from further analysis.
The reliability of this algorithm for species designation was confirmed by generating 16S rRNA gene sequences, as previously described, 2 for 30 NTHi and 40 H. haemolyticus isolates (10 haemolytic and 30 nonhaemolytic) randomly selected from the total. Phylogenetic trees were generated using a 598 bp fragment and the neighbour-joining algorithm (MEGA5, version 5.05), rooted to Haemophilus parainfluenzae type strain T3T1. H. influenzae strains Rd KW20 and PittGG and H. haemolyticus strains M21127 and M21639 acquired from GenBank were used as reference controls (accession numbers L42023, CP000672, AFQP01000035 and JQ776526, respectively).
Determination of b-lactam resistance
MICs of ampicillin and amoxicillin/clavulanate (Sigma, Australia) were determined according to CLSI broth microdilution standards using control strains as stipulated.
14 Isolates were screened for b-lactamase production by nitrocefin hydrolysis (Oxoid, Australia), in accordance with the manufacturer's instructions. Nitrocefin-positive isolates were tested for bla TEM and bla ROB genes using a multiplex PCR assay, which also produces different amplicon sizes for the different bla TEM promoters. 11 The replicon type was determined by PCRs for integrative conjugative element-associated ORF51 and the rep gene for small plasmids, both as previously described. 11 Isolates were screened for the presence of altered PBP3 using PBP3-S primers designed to amplify N526 but not N526K isolates, 15 and isolates that failed to amplify had the transpeptidase domain of ftsI sequenced to confirm the BLNAR genotype, as previously described. 16 Isolates were assigned to one of the following genotypes: no resistance genes, b-lactamase negative ampicillin susceptible (gBLNAS); positive for b-lactamase genes, b-lactamase positive ampicillin resistant (gBLPAR); positive for the N526K substitution in PBP3, b-lactamase negative ampicillin resistant (gBLNAR); and positive for b-lactamase genes and the N526K substitution, b-lactamase positive amoxicillin/clavulanate resistant (gBLPACR). 15 Notably this PCR algorithm does not include R517H-positive isolates in the gBLNAR/gBLPACR genotypes, as no PCR primers have yet been designed for this genotype. 15 
GenBank accession numbers
Partial ftsI sequences (747 -1740 bp) for 31 H. haemolyticus isolates were deposited in GenBank (accession numbers JX556297-JX556327). While the 598 bp fragments of the 16S rRNA gene used in the construction of the dendrogram for the 30 NTHi and 40 H. haemolyticus isolates were deposited in GenBank (accession numbers KC166148-KC166218; the extra sequence correlates to an HH control strain, which was uploaded for comparison with the original control strain already on GenBank).
Results and discussion
Identification of bacterial isolates
Although the fucK gene has been shown to be specific for NTHi identification, fucK-negative NTHi isolates have been described, highlighting the shortcomings of using a single gene for species identification. 4, 17 More recently, PCR algorithms targeting both fucK and hpd have been used with high sensitivity and specificity, where an isolate negative for both is highly unlikely to be NTHi. 5, 6 Accordingly, we chose an algorithm that includes both fucK and hpd as NTHi targets, and included sodC as a positive H. haemolyticus target. Detection of sodC has been shown to be a very sensitive marker for H. haemolyticus and sufficiently specific in differentiating them from non-mucoid respiratory isolates of H. influenzae. 8 Using this algorithm, we found that 75% (236/312) of the 312 XV-dependent isolates were NTHi and 20% (61/312) were H. haemolyticus. These results are consistent with other studies, where 10% -30% of presumptive NTHi isolates from nasopharyngeal swabs are actually H. haemolyticus when identified by molecular methods. 2, 7 The remaining 15 isolates (5%) did not fit either category due to aberrant fucK, hpd and sodC results and were excluded from the study. 16S rRNA sequencing of a selection of isolates confirmed the species designations given by the PCR algorithm, with isolates forming two distinct clusters aligning with H. influenzae and H. haemolyticus type strains (dendrogram shown as Figure S1 , available as Supplementary data at JAC Online). Interestingly, of the 61 H. haemolyticus strains, only 12 (19.7%) were haemolytic, which is reasonably consistent with other studies, 2 and supports the notion that haemolytic ability is a relatively unimportant taxonomic trait in this context. 9 
Determination of b-lactam resistance
Susceptibility and resistance profiles as determined by genotype are given in Table 1 . Analysis of resistance genotypes revealed that there was no statistically significant difference between the proportion of NTHi and H. haemolyticus isolates with a b-lactamase or a gBLNAR-defining N526K substitution compared with those without (Fisher's exact t-test; P ¼0.6934 and 1.012, respectively).
Witherden and Tristram
Of the b-lactamase-positive isolates of both species, all were positive for bla TEM and shared the same replicon and promoter types as currently recognized in NTHi (data shown in Table S1 , available as Supplementary data at JAC Online). The finding of known NTHi b-lactamases on similar replicons in the H. haemolyticus isolates of the present study is consistent with replicon exchange between these species, as has already been noted for NTHi and H. parainfluenzae.
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No gBLNAR isolates were resistant to ampicillin according to CLSI criteria (resistant at ≥4 mg/L), although two NTHi gBLNAR isolates had intermediate ampicillin MICs of 2 mg/L, which is consistent with findings of other studies where genotypic criteria have been used to identify low-BLNAR isolates. 18 -20 However, the presence of the N526K substitution in b-lactamase-negative isolates of both species was associated with ampicillin MICs one dilution higher than those without the substitution.
By strict definition BLPACR strains are amoxicillin/clavulanate resistant (CLSI breakpoint ≥8 mg/L), although when genetic criteria are used gBLPACR isolates are often amoxicillin/clavulanate susceptible (MIC range 0.25-2 mg/L). 1 All gBLPACR isolates of this study (n¼ 7) were amoxicillin/clavulanate susceptible (MIC range 2 -4 mg/L), although we were unable to demonstrate a decrease in susceptibility attributed to the PBP3 substitutions in these isolates in comparison with the gBLPAR isolates (MIC range 1 -4 mg/L).
The deduced PBP3 substitutions of the gBLNAR and gBLPACR NTHi and H. haemolyticus isolates are shown in Table 2 . For the NTHi isolates, there was 100% correlation between negative PBP3-S PCR and ftsI gene sequencing, where all 73 PCR-negative isolates harboured N526K. Conversely, although none of the 61 H. haemolyticus isolates amplified with the PBP3-S PCR, only 19 were shown to have the N526K substitution. Analysis of the ftsI gene sequences of these isolates identified a predicted inability of the forward PBP3-S primer (non-526 specific) to bind to H. haemolyticus strains (data not shown), suggesting caution with the use of these primers. Interestingly, when PBP3 of H. influenzae Rd and H. haemolyticus ATCC 33390 susceptible type strains were compared, significant differences were observed at positions 274, 350, 352, 377, 547 and 569 of PBP3. The amino acids at these positions in H. haemolyticus are identical to those generally accepted as gBLNAR-associated when seen in NTHi gBLNAR isolates. Furthermore, when considering gBLNAR and gBLPACR isolates, the substitution profiles seen in both H. haemolyticus and NTHi isolates were similar. Common NTHi gBLNAR-associated substitutions I449V and A502V/T were also identified in H. haemolyticus gBLNAR/gBLPACR isolates while the substitution G490E was identified in isolates of H. haemolyticus with and without N526K.
Interestingly, a single isolate of H. haemolyticus with N526K also had the L389F substitution, which has been associated with higher levels of b-lactam resistance (especially to cephalosporins) when seen in conjunction with S385T in H. influenzae (termed group III). 12 Currently there is no evidence indicating that the L389F and N526K substitutions alone confer the highlevel resistance seen in group III isolates.
Witherden et al. 21 recently reported that either an AAA or AAG codon at positions 1576-1578 of the ftsI gene could encode the N526K substitution, and both codon types were identified in the NTHi and H. haemolyticus gBLNAR and gBLPACR isolates in this study. Interestingly, all isolates of both species with both the A502V and N526K substitutions (designated as group IIb by Dabernat et al. 22 ) had the N526K substitution encoded by the AAA triplet. However, further studies need to be performed to evaluate the significance of this observation.
With respect to PBP3 of H. haemolyticus isolates, this study identified that the commonly recognized gBLNAR-associated substitutions in NTHi-D350N, M377I, V547I and N569S-probably form part of the baseline PBP3 sequence in H. haemolyticus isolates, as they were present in those with and without N526K. This is relevant to the work of Takahata et al., 16 who suggested that H. haemolyticus may be an important reservoir for gBLNARdefining and -associated substitutions in PBP3 of NTHi through inter-species recombination and mosaic gene formation, and also to the work of Murphy et al., 2 who suggested that H. haemolyticus might be a reservoir of antibiotic resistance determinants for H. influenzae. Although beyond the scope of this study, 
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